Matriptase is a member of the type-II transmembrane serine protease (TTSP) family and plays a crucial role in the development and maintenance of epithelial tissues. As all chymotrypsin-like serine proteases, matriptase is synthesized as a zymogen (proform), requiring a cleavage event for full activity. Recent studies suggest that the zymogen of matriptase possesses enough catalytic activity to not only facilitate autoactivation, but also carry out its in vivo functions, which include activating several proteolytic and signaling cascades. Inhibition of zymogen matriptase may therefore be a highly effective approach for limiting matriptase activity. To this end, here we sought to characterize the catalytic activity of human zymogen matriptase and to develop mAb inhibitors against this enzyme form. Using a mutated variant of matriptase in which the serine protease domain is locked in the zymogen conformation, we confirmed that the zymogen form of human matriptase has catalytic activity. Moreover, the crystal structure of the catalytic domain of zymogen matriptase was solved to 2.5 Å resolution to characterize specific antibody-based matriptase inhibitors and to further structure-based studies. Finally, we describe the first antibody-based competitive inhibitors that target both the zymogen and activated forms of matriptase. We propose that these antibodies provide a more efficient way to regulate matriptase activity by targeting the protease both before and after its activation and may be of value for both research and preclinical applications.
which a lysine side chain near the activation hole in the catalytic domain is able to substitute for the hydrogen bond that is normally not formed until activation cleavage results in the insertion of a newly released N terminus (19) . Interestingly, the zymogen form of rat matriptase has been shown to harbor significant catalytic activity, although no obvious structural or sequence-based reason has yet been proposed (20) . Several studies have also provided strong evidence for human zymogen matriptase being able to autoactivate, suggesting a basal activity for the matriptase zymogen (21, 22) . Furthermore, we have previously shown that the zymogen form of matriptase reacts with a peptide inhibitor biotin-Arg-Gln-Arg-Arg chloromethyl ketone (CMK) (23) . Finally, it was recently shown that a nonactivatable (zymogen-locked) version of mouse matriptase was able to support the natural function of matriptase in a transgenic mouse model system where natural matriptase had been ablated, in strong support of a physiological role of zymogen activity of matriptase (24) .
As matriptase is an attractive molecular target in basic research and pharmacological intervention, there has been much interest in developing inhibitors. Currently, several active-site inhibitors against matriptase have been engineered, with varying success due to lack of affinity, specificity, or both. Active-site inhibitors include modified naturally occurring cyclopeptides and several monoclonal antibodies (25) (26) (27) . To date, only one set of compounds has been reported to target the zymogen form of matriptase, the small organochemicals termed compounds 1-4, which all showed an improved inhib-itory effect toward matriptase-mediated activation of prostasin as compared with an active-site inhibitor of activated matriptase. However, the reported IC 50 values were in the low micromolar range, the best being 2.6 M, and the information regarding specificity and mechanism remains to be addressed (28) .
The present study was initiated to investigate the catalytic activity of the zymogen form of human matriptase. We show that a zymogen-locked mutant of human matriptase has significant catalytic activity. Furthermore, two monoclonal antibodies (aZ-mAb-6 and aZ-mAb-7) were developed as competitive inhibitors of both zymogen and activated matriptase. These antibodies bind with high affinity and specificity and represent new tools for pharmacological intervention by targeting both zymogen and activated matriptase to ensure efficient shutdown of all matriptase activity. In addition, the X-ray crystal structure of the catalytic domain of matriptase in its zymogen form was solved. This new structure facilitated the antibody characterization in the present study and will provide a structural basis for future studies of the zymogen form of matriptase.
Results

The zymogen form of matriptase displays catalytic activity
To characterize the catalytic activity of matriptase in its zymogen form, we prepared a zymogen variant of the serine protease domain (SPD) by recombinant expression in yeast (Pichia pastoris). The sequence Cys 604 -Val 855 of human matriptase was fused to an N-terminal His tag, and the muta- , and the C-terminal serine protease domain (purple). The cleaved activation loop rearranges to create the catalytically active protease. B, schematic drawing of the zymogen-locked form of matriptase characterized in this paper, consisting of only the serine protease domain with position R614A mutated to avoid activation (zSPD). C, a Coomassie-stained SDS-PAGE (10%) shows that zSPD (consisting of only the serine protease domain, as shown in B) is pure and the expected size (25) (26) (27) (28) (29) (30) . D, the sequence of the crystallized form of zSPD (zSPD-S805A) with an additional mutation in the active site, shown with matriptase numbering (sides) and chymotrypsin numbering (top). The mutations are color-coded: R614A (blue), N772Q (green), and S805A (blue).
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tion N164Q was introduced to avoid N-glycosylation. An additional mutation in the activation cleavage site (R614A) created a variant of matriptase locked in the zymogen form (Fig. 1B) . The resulting 29-kDa recombinant protein was used as a representative of the zymogen form of matriptase termed zSPD. Zymogen purity is Ͼ95% as demonstrated by a Coomassiestained SDS-polyacrylamide gel (Fig. 1C ). The WT SPD of matriptase was expressed in Escherichia coli and refolded in vitro. As this recombinant matriptase spontaneously autoactivated during purification, as was observed by SDS-PAGE band shift and verified by MS and chromogenic activity assays (data not shown), this is henceforth used as a representative of the activated form of matriptase termed acSPD. Hydrolysis of the chromogenic peptide substrate, isoleucil-prolyl-arginine-p-nitroaniline (S-2288, Chromogenix) by either zSPD or acSPD was measured, and the corresponding enzymatic parameters K m and k cat were calculated (Table 1 and Fig. 2A ). The catalytic efficiencies (k cat /K m ) were determined to be 3.0 ϫ 10 7 Ϯ 7 ϫ 10 7 M Ϫ1 s Ϫ1 and 1.01 ϫ 10 9 Ϯ 217 ϫ 10 9 M Ϫ1 s Ϫ1 for zSPD and acSPD, respectively. By calculating the ratio of the catalytic efficiencies, a zymogenicity factor of 33 Ϯ 11 was obtained, which corresponds to zSPD having an apparent catalytic activity of ϳ3% of that of acSPD.
Characterization of mAb-based inhibitors of zymogen and activated matriptase
Monoclonal antibodies were generated with zSPD as antigen. A panel of nine monoclonal antibodies (aZ-mAb-1 to -7, aZ-mAb-9, and aZ-mAb-10) was chosen for further examination. Surface plasmon resonance (SPR) was used to analyze the binding of the antibodies to zymogen and activated matriptase. All nine monoclonal antibodies bound both zSPD and acSPD with affinities (K D ) in the low nanomolar range (Table S1 , Fig. 3 , and Figs. S1 and S2).
The nine monoclonal antibodies underwent further testing to establish any modulatory effect on the catalytic activity of zymogen or activated matriptase. The catalytic activity of zSPD or acSPD toward a peptide substrate was measured in the presence of each antibody (Fig. 2B ). Our initial results showed that two antibodies, aZ-mAb-6 and aZ-mAb-7, dose-dependently inhibited the activity of both zSPD and acSPD. The remaining antibodies (aZ-mAb-1, -2, -3, -4, -5, -9, and -10) caused either no inhibition or only partial inhibition.
To characterize the mode of inhibition of the antibodies, the V max and K m of acSPD in the presence or absence of antibodies were determined (Table 2 and Figs. S3 and S4). We observed an unchanged V max and an increased K m in the presence of aZ-mAb-6 and aZ-mAb-7, suggesting a competitive mechanism of inhibition (24) . For the antibodies aZ-mAb-1, -2, -3, -5, -9, and -10, little change in K m and V max was detected ( Table 2 ), suggesting that they are noncompetitive or mixed inhibitors. As no change was observed for K m and V max in the presence of antibody aZ-mAb-4, the lack of inhibitory activity of this antibody was confirmed, and it was used as a comparative control in subsequent experiments. Next, the equilibrium constant (K i ) of aZ-mAb-6 and aZ-mAb-7 against activated matriptase was determined to 21 Ϯ 2 and 9 Ϯ 2 nM, respectively (Fig. 2C) . A similar analysis was performed on zSPD, including aZ-mAb-6 and aZ-mAb-7 (Table 2) . Again, we observed an unchanged V max and an increased K m in support of a competitive mechanism of inhibition for aZ-mAb-6 and aZ-mAb-7. As expected, there was no significant effect of aZ-mAb-4.
Antibodies aZ-mAb-6 and aZ-mAb-7 are not substrates for matriptase
To ensure that the difference in affinity of the antibodies toward acSPD and zSPD is not due to antibody cleavage catalyzed by matriptase, the stability of the antibodies was analyzed following prolonged incubation with matriptase. Antibodies aZ-mAb-6 and aZ-mAb-7 were incubated with acSPD at a 1:1 molar ratio before SDS-PAGE analysis. The gel showed no sign of matriptase-catalyzed antibody degradation ( Fig. 4 ).
Antibodies aZ-mAb-6 and aZ-mAb-7 target human matriptase with high specificity
The active sites of serine proteases are generally highly conserved, and therefore inhibitory compounds often inhibit several related proteases. To gain insight about the inhibitory specificity of antibodies aZ-mAb-6 and aZ-mAb-7, three human serine proteases closely related to matriptase were tested: urokinase plasminogen activator (uPA), hepatocyte growth factor activator, and hepsin. Even at an antibody concentration of 400 nM, a 20-fold higher concentration than the inhibitory constant (K i ) toward matriptase, no inhibition was observed ( Fig. 5 ). Furthermore, no inhibition was observed toward the mouse ortholog of matriptase ( Fig. 5 ), whose catalytic domain shares 87% identity to the human protein. Together, these observations strongly suggest that antibodies aZ-mAb-6 and aZ-mAb-7 have high specificity toward human matriptase.
Antibodies aZ-mAb-6 and aZ-mAb-7 can identify and block the activity of WT full-length matriptase in complex biological samples
To examine the potential use of antibodies aZ-mAb-6 and aZ-mAb-7 for the study of matriptase activity in complex biological samples, an assay was established using cultured cells. HEK293 cells were transiently transfected with combinations of WT full-length membrane-anchored matriptase and two variants of its cognate inhibitor HAI-2. Matriptase needs co-expression with the inhibitors HAI-1 or HAI-2 to obtain significant levels of plasma membrane-bound matriptase. Either WT HAI-2 or a HAI-2 variant with compromised inhibitory activity (HAI-2 C47F) due to a mutation in the predicted P2 position of the inhibitory loop of Kunitz domain 1 was used (29) . Transiently transfected cells were lysed, and the peptidolytic activity of the cell lysates was assayed with or without the antibodies aZ-mAb-6 and aZ-mAb-7 or a control antibody (anti-uPA) Inhibition of zymogen matriptase activity ( Fig. 6A ). Both antibodies aZ-mAb-6 and aZ-mAb-7 but not the control antibody inhibited the proteolytic turnover of the broad-spectrum serine protease substrate; this activity was interpreted as derived from unopposed matriptase in either the active zymogen form or the activated form. Little or no background activity was observed in mock-transfected cells or cells transfected with matriptase and WT HAI-2, suggesting that little to no unopposed matriptase is present under these conditions at our detection limit (Ͻ10 pM active sites as estimated from in vitro enzymatic assays). When matriptase was co-expressed with HAI-2 C47F, we observed a clear proteolytic activity, which could be silenced by aZ-mAb-6 and aZ-mAb-7 but not by the control antibody (anti-uPA), strongly suggesting the presence of unopposed matriptase activity under these conditions.
Antibodies aZ-mAb-6 and aZ-mAb-7 can inhibit matriptase catalyzed cleavage of a natural protein substrate
To examine the ability of antibodies aZ-mAb-6 and aZ-mAb-7 to inhibit the cleavage of a natural matriptase substrate, a pro-HGF cleavage assay was established. Pro-HGF was incubated with or without zSPD or acZPD in the presence Each graph is one representative experiment from at least three independent experiments. The zSPD has a lower K m and k cat than acSPD as a consequence of the higher concentration and lower activity. B, initial screening of inhibitory effects of the nine monoclonal antibodies toward both acSPD (left) and zSPD (right). An increasing concentration of antibody was incubated with either acSPD (50 pM) or zSPD (20 nM), and the residual rate of substrate conversion was measured by chromogenic assays (n ϭ 3 for each data point of the shown curves). Antibodies aZ-mAb-6 and -7 are the most efficient inhibitors. C, K i determinations of aZ-mAb-6 and aZ-mAb-7. acSPD (50 pM) was preincubated with a concentration series of the antibodies for 1 h, and the conversion of the chromogenic substrate S-2288 was monitored as the change in absorbance at 405 nm at 37°C for 1 h (left). The K i values for aZ-mAb-6 and -7 were 21 Ϯ 2 and 9 Ϯ 2 nM, respectively. The values for apparent K i were determined by fitting the calculated reaction rates to Equation 2 (right) for competitive inhibition and then converting into the K i value using Equation 3.
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or absence of inhibitors. Both antibodies aZ-mAb-6 and aZ-mAb-7, but not the control antibody (anti-uPA), inhibited the cleavage of pro-HGF by both acSPD and zSPD into its ␣ and ␤ chains (Fig. 6B , top and bottom, respectively). A peptide inhibitor, biotin-RQRR-CMK (23), was included as a positive control. These results strongly suggest that antibodies aZ-mAb-6 and aZ-mAb-7 inhibit matriptase-catalyzed cleavage of a physiologically relevant protein substrate.
Antibodies aZ-mAb-6 and aZ-mAb-7 bind near the active site of matriptase
As competitive inhibitors, we expect both antibodies to bind in or near the active site to directly compete with substrates. We presume that the epitopes of antibodies aZ-mAb-6 and aZ-mAb-7 are conserved between zymogen and activated matriptase, which is why some of the following experiments were only carried out only on activated protein. First, it was investigated whether mutation of the nucleophilic serine 805 (Ser 195 ) in the active site of matriptase affected binding of the antibodies to zymogen or activated matriptase. Using SPR, no differences were seen in the K D for binding of antibodies aZ-mAb-6 and aZ-mAb-7 to zSPD, zSPD-S805A, or their activated counterparts (data not shown). This suggests that antibodies aZ-mAb-6 and aZ-mAb-7 do not interact directly with the nucleophile serine.
Next, possible interaction between the antibodies and the specificity pockets S2-S4 of matriptase, as S1 is not present in the zymogen, was probed by competition with either the peptide inhibitor biotin-RQRR-CMK (23) or the isolated inhibitor domain of HAI-1 termed IK1 (30) . The peptide CMK inhibitor is a small molecule inhibitor of matriptase that binds covalently to the reactive histidine residue in the active site of matriptase via its CMK, whereas its peptide moiety is expected to occupy the S1-S4 specificity pockets adjacent to the active site. Neither aZ-mAb-6 nor aZ-mAb-7 bound to acSPD in the presence of 
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the CMK inhibitor ( Fig. 7A ), whereas binding of the control noninhibitory antibody aZ-mAb-4 was not affected. The IK1 domain of HAI-1 binds with high affinity to the active site and covers an extended area in and around the active site and specificity pockets of matriptase (30, 31) . SPR analysis showed that IK1 blocked the binding of not only aZ-mAb-6 and aZ-mAb-7 but also aZ-mAb-4 to acSPD (Fig. 7B ). This suggests that all three epitopes must be near the active site of matriptase, as the larger footprint of IK1 prevents binding of all three antibodies. Finally, the three antibodies were shown to have overlapping epitopes by SPR, as each of the three antibodies block mutual binding of the other antibodies to zSPD (Fig. 7C ).
The structure of zymogen matriptase reveals a classical chymotrypsin-like zymogen fold
With the availability of zymogen-locked matriptase protein, the X-ray crystal structure was pursued with the intent to provide structural insight into the unusual activity of the zymogen as well as aid in the characterization of our antibodies. To prevent unwanted proteolytic degradation during crystallization, an additional mutation of the nucleophile Ser 805 (Ser 195 ) to alanine was introduced (zSPD-S805A, Fig. 1D ). The atomic coordinates for the crystal structure are available in the Protein Data Bank under accession number 5LYO. The resulting 2.5 Å structure ( Table 3 ) was that of a classical zymogen form of a chymotrypsin-like serine protease ( Fig. 8A ), in that important structural features for activity such as the S1 specificity pocket and oxyanion hole were absent. Interestingly, Asp 804 (Asp 194 ) is engaged in hydrogen bonding with His 639 (His 40 ), which again hydrogen-bonds to Ser 631 (Ser 32 ), forming what has previously been described as the zymogen triad (19) , a feature that is observed in several catalytically inactive zymogens of this family and effectively adds an additional stabilizing interaction to the zymogen inactive conformation (Fig. 8C ). Generally, most structural elements accessible for protein-protein interactions on the surface of the zSPD-S805A structure are identical to those observed in the structure of activated matriptase, espe-cially within the N-terminal ␤-barrel; however, the C-terminal domain of zSPD-S805A contains several loop regions that deviate from the structure of activated matriptase (Fig. 8D ). The electron density, although not well-defined, supports an intact and uncleaved activation loop as expected for the zymogen form ( Fig. 8B ).
Discussion
In this study, we used a zymogen-locked form of matriptase produced by mutating arginine 614 of the activation motif in the activation loop to an alanine (R15A), termed zSPD. This prevents activation by proteolytic cleavage by serine proteases with trypsin-like Arg/Lys specificity. We observed a lower but clearly detectable activity for zSPD versus the efficient catalytic activity of the activated matriptase ( Fig. 2A, left) . The zymogenicity factor was calculated to be 33 Ϯ 11, equivalent to the zymogen preparation having ϳ3% of the activity of an activated matriptase preparation. This result is consistent with the reported zymogenicity factor of 27 for rat matriptase (20) . Our findings that zymogen matriptase possesses basal activity are in support of recent studies showing that the R614A (R15A) fulllength WT matriptase variant is capable of performing its physiological catalytic functions required for homeostasis (24, 32) . Besides being proposed to be at a pinnacle of cascades, matriptase may be transactivating other matriptase zymogens due to the match between the activation motif and the substrate specificity of matriptase itself, a unique feature among serine proteases (21, 33) . This is also in line with the matriptase SPD being fully activated during the in vitro refolding procedure, as observed in our previous study (30) .
According to the paradigm, a zymogen is thought to be in constant conformational transition equilibrium between two structural states with a presumed short-lived "active-like" conformation (34) . Chymotrypsin-like serine proteases show strong preference for the inactive state and are thus virtually inactive (e.g. trypsinogen). For a rare subset of these proteases, 
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the equilibrium appears to be shifted toward a more active-like zymogen population.
It is clear that many cells have zymogen matriptase on the plasma membrane and that this may have enough catalytic activity to control the activation of growth factors, signaling pathways, etc. to sustain survival (24, 32) . Our working hypothesis is that zymogen matriptase, which is found in low concentrations on the cell surface, is a pinnacle protease in multiple cascades with enough catalytic activity to perform its physiological role. If the concentration of zymogen matriptase increases on the cell surface, they will begin to encounter one another, resulting in possible transactivation events. The activated matriptase molecules will then be immediately inhibited by its co-expressed (co-localized) inhibitors HAI-1/HAI-2 and targeted for endocytosis and degradation. Solid evidence suggests that if the equilibrium between matriptase and HAI-1/ HAI-2 is out of balance in such a way that the total matriptase activity (sum of activity of zymogen and activated matriptase) becomes dominating, this accumulation of unopposed matriptase activity results in carcinogenesis (3, 35) . Studies in mice have shown that both HAI-1 and HAI-2 can negate the oncogenic potential of matriptase when overexpressed together (13, 14) .
In this study, we have generated two competitive antibodies (aZ-mAb-6 and aZ-mAb-7) that target the activity of both zymogen and activated matriptase. These inhibitory molecules represent, to the best of our knowledge, the first macromolecular inhibitors of any chymotrypsin-like serine protease in the zymogen form. The antibodies are specific for human matriptase, bind with affinities in the low nanomolar range, and are capable of inhibiting both glycosylated (full-length matriptase from a HEK293 cell culture system; Fig. 6A ) and nonglycosylated matriptase. Although our antibody-based inhibitors may exhibit lower affinity relative to a naturally occurring Kunitztype inhibitor such as HAI-1 or will eventually lose in competition with a covalent CMK-based inhibitor, the unmatched specificity of an antibody outweighs all when studying or targeting the activity of matriptase in complex mixtures such as in in vivo studies or in a clinical setting. It is likely that our antibodies can be used to study the in vivo importance of the activation process, as we expect these antibodies to block transactivation on the cell surface. Furthermore, aZ-mAb-6 and aZ-mAb-7 could possibly be used in research and diagnostics to evaluate the level of unopposed matriptase activity (matriptase activity not inhibited by inhibitors) in complex biological samples, as shown in Fig. 6 , which has not been possible previously due to the lack of a specific substrate and/or inhibitors. The inhibitory antibodies described in the present study will also prove a tool to elucidate whether inhibition of plasma membrane-bound zymogen matriptase or activated matriptase is sufficient to prevent/inhibit cancer development.
The solved crystal structure of zymogen matriptase has an overall conformation that resembles the classical chymotrypsin-like zymogen form with loops in and around the active site deviating in conformation from that of the active structure, a zymogen triad and no oxyanion hole or S1 specificity pocket. In all, the structure of zymogen matriptase suggest that the crystallized form represents the inactive form of the unactivated zymogen and that future studies must be done to describe the apparent conformational liability of the zymogen form of matriptase that allow for its unusually high zymogen activity.
The structural information from available structures of the catalytic domain of active and now zymogen matriptase was combined with the observations from the biochemical and biophysical analyses to propose the possible epitopes of the antibodies. Comparable binding affinities of the antibodies against both forms of matriptase suggest that the antibodies mainly Figure 6 . A, the monoclonal antibodies aZ-mAb-6 and -7 inhibit matriptase activity in the protein extracts of transiently transfected cells. HEK293 cells were transiently transfected with empty expression vector (mock) or expression vectors encoding WT full-length matriptase together with WT HAI-2 or mutant HAI-2 C47F, respectively. Protein extracts were preincubated for 1 h at room temperature with 500 ng of antibody (anti-uPA, aZ-mAb-6, aZ-mAb-7, or no antibody), and a peptidolytic activity assay was subsequently carried out with 300 M chromogenic substrate S-2288. The absorbance of the reaction mixture was measured at 405 nm continuously every 5 min for 5 h, and the mean velocity of the substrate reaction (in milli-absorbance units/min) was calculated. The figure shown is representative of three replicates. B, aZ-mAb-6 and -7 inhibit matriptase-mediated pro-HGF cleavage. Pro-HGF (60 nM final concentration) was incubated for 4.5 h at 37°C with either 200 nM zSPD or 1 nM acSPD that had been preincubated with aZ-mAb-6, aZ-mAb-7, anti-uPA, or biotin-RQRR-CMK, as indicated above the gels. The processing of pro-HGF was visualized on Western blotting using an antibody that recognizes pro-HGF as well as its ␣ and ␤ chains. Antibody-only samples were prepared in parallel to show the cross-reactivity of the antibodies themselves with the secondary antibody.
bind in a region of the structure with a conformation that is invariant before and after activation. Comparing the zymogen and active structure (Fig. 8D) , the N-terminal subdomain appears to present the most promising invariant area near the active site. The antibodies do not appear to bind directly in the active site because binding is unaffected by mutation of the active-site serine. However, reduced binding to acSPD in the presence of the biotin-RQRR-CMK inhibitor showed that aZ-mAb-6 and aZ-mAb-7 most likely bind in close proximity to the active site. The fact that the antibodies bind zSPD to the same response on the surface plasmon resonance sensor chip (total associated mass) as acSPD and that both zymogen and activated matriptase are inhibited suggests that the antibodies must bind both the "active-like" zymogen conformation and the prevailing inactive zymogen conformation. This means that inactive zymogen can interact with the inhibitory antibodies even before transition to the "active" zymogen form has taken place, which makes them very efficient inhibitors. This also suggests that binding of the antibodies does not require the presence of the S1 pocket, which is not formed in the true zymogen form, thus excluding the area around the S1 pocket from the epitopes. This is a rather unusual feature for a competitive inhibitor of a serine protease, which often relies on direct interaction with the S1 pocket for specificity and affinity (36) . Furthermore, based on the fact that the epitope of aZ-mAb-4 overlaps the epitopes of both aZ-mAb-6 and aZ-mAb-7 and all three antibodies compete with binding of the IK1 fragment of HAI-1, we propose that aZ-mAb-6 and aZ-mAb-7 are binding mainly to the N-terminal conformationally invariant subdomain near, but not in, the S1 pocket, effectively covering most of the noncatalytic parts of the active site of matriptase. This is also compatible with our observation that both antibodies inhibit matriptase glycosylated on the ␣-helix adjacent to the 170 loop (Fig. 8D, top  right) . During this study, an extensive attempt to map the exact A and B, antibodies (labeled above each panel) were captured by anti-mouse IgG directly immobilized on a CM5 chip before injection of the active site-binding peptide biotin-RQRR-CMK (A) or the larger active site-binding protein IK1 (B) in complex with acSPD. Both biotin-RQRR-CMK and IK1 block the binding of acSPD to aZ-mAb-6 and aZ-mAb-7. IK1 also blocks binding of acSPD to aZ-mAb-4. C, the antibodies aZ-mAb-4, -6, and -7 (labeled above) were individually immobilized on a CM5 chip surface, and antibody alone or in complex with zSPD was injected over the surface-bound antibodies. Antibodies injected alone as a control did not show any observable binding (not shown). Antibody was incubated with zSPD for 1 h at room temperature. All zSPD-antibody complexes have reduced binding, indicating that aZ-mAb-4, -6, and -7 have overlapping epitopes. The shown sensorgrams are representative of at least three replicates. 
epitopes was carried out; however, mutating solvent-exposed side chains in the area surrounding the active site of matriptase resulted in loss of either protein expression or folding efficiency (data not shown). Future co-crystallization studies may be able to reveal more structure-based insight into epitopes and the inhibitory mechanism of the antibodies.
Experimental procedures
Recombinant proteins
Production of activated matriptase catalytic domain (acSPD) in E. coli-A pT7 vector containing the human matriptase sequence Gly 596 -Val 855 (ST14 gene, GenBank TM accession number NG_012132.1) and a C602S mutation to remove the cysteine between the activation loop and SPD was transformed into competent BL21 (DE3) E. coli cells (30) . Cells were cultured under agitation at 37°C in 2xYT media supplemented with 100 g/ml ampicillin and 34 g/ml chloramphenicol. A 20-ml overnight culture was transferred into 1 liter of 2xYT medium and grown until the absorbance at 600 nm was Ͼ0.6 before induction with 1 mM isopropyl ␤-D-1-thiogalactopyranoside for 4 h. The cells were pelleted by centrifugation at 5000 ϫ g for 20 min and frozen at Ϫ80°C until purification.
Purification and refolding of the catalytic domain of matriptase (acSPD) from E. coli-Cell pellets were resuspended in sonication buffer (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 10% glycerol, 1 mM ␤-mercaptoethanol, 1 mM EDTA) and sonicated on ice. Lysates were pelleted at 10,000 ϫ g for 30 min, and the insoluble fraction was washed in several steps using wash buffer 1 (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 10% glycerol, 1 mM ␤-mercaptoethanol, 1 mM EDTA, 1% Triton X-100), wash buffer 2 (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 10% glycerol, 1 mM ␤-mercaptoethanol, 1 mM EDTA, 0.25% Triton X-100), and wash buffer 3 (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 10% glycerol, 1 mM ␤-mercaptoethanol, 1 mM EDTA). After each wash, the sample was centrifuged as described above, and the supernatant was discarded. The insoluble matter was resuspended in denaturing buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 10 mM ␤-mercaptoethanol containing 6 M urea, 1 mM EDTA) by slowly stirring on ice for 30 min. The resuspended pellet was then centrifuged as described above, and the supernatant was incubated with nickel-nitrilotriacetic acid-agarose containing 20 mM imidazole by slow stirring on ice for 1 h. Elution was performed with denaturing buffer supplemented with 400 mM imidazole, and fractions containing protein were dialyzed against denaturing buffer. The protein concentration was measured at an absorbance of 280 nm with an extinction coefficient of the catalytic domain of 53,200 M Ϫ1 cm Ϫ1 . The concentration was adjusted to 0.1-0.2 mg/ml using denaturing buffer. Protein-containing fractions were dialyzed overnight at 4°C against refolding buffer (50 mM Tris-HCl, pH 8, 10% glycerol, 1 mM ␤-mercaptoethanol, and 3 M urea). Autoactivation of the protease occurs during the overnight dialysis against storage buffer (50 mM Tris, pH 8.0, 10% glycerol) at 4°C, which was confirmed by increasing activity against a chromogenic substrate and by SDS-PAGE. Activated proteins were purified over a benzamidine-Sepharose (GE Healthcare) column that had been equilibrated with storage buffer. Bound protease was eluted with storage buffer supplemented with 1 M arginine. Proteins were further purified by size-exclusion chromatography (Superdex75 HR10/30 column, GE Healthcare) using storage buffer. Protein-containing fractions were pooled, quantitated, and stored at Ϫ80°C.
Production of the catalytic domain of WT and mutant forms of zymogen matriptase in P. pastoris-The catalytic domain of WT and mutant forms of zymogen matriptase were expressed in P. pastoris. The DNA sequence encoding the matriptase catalytic domain (Cys 604 -Val 855 ) was amplified from full-length human matriptase cDNA. The two mutations R614A (R15A) and N772Q (N164Q), with the corresponding standard chymotrypsin numbering given in parentheses, were introduced to lock the zymogen conformation and to remove a potential glycosylation site, respectively (zSPD). A construct with an addi- Figure 8 . The structure of zymogen matriptase, zSPD-S805A. A, the solved structure of zSPD-S805A (wheat) with the 60 loop, the 70 loop, the 170 loop, and the activation loop specified together with the residues in the catalytic triad and the S1 pocket (PDB entry 5LYO). B, the intact activation loop for zSPD-S805A (wheat) and the cleaved activation loop for activated matriptase (red). C, the zymogen triad for zSPD-S805A and activated matriptase, showing rearrangement of Asp 804 (Asp 194 ). D, alignment of zSPD-S805A (wheat) and activated matriptase (gray), where the loops undergoing conformational changes are marked in red for activated matriptase. The S1 pocket is not formed in the zymogen.
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tional mutation in S805A (S195A), which would render the resulting protein product inactive, was also constructed for crystallization (zSPD-S805A). The DNA constructs were subcloned into the XhoI-SalI sites of the pPIC␣A expression vector (Invitrogen) with an ␣-factor secretion signal sequence and an N-terminal His tag. Plasmid DNA was linearized by digestion with SacI prior to transformation into P. pastoris strain X-33 (Invitrogen) and cultured on YPD plates at 30°C supplemented with 100 g/ml zeocin for 3 days to screen for positive colonies. A positive colony was inoculated into a starter culture of 5 ml of YPD and grown for 24 h. The starter culture was transferred into 200 ml of BMGY for an additional 24 h before further transferred into 1 liter of BMMY induction medium supplemented daily with 1% methanol for 4 days.
Purification of the zymogen form of the catalytic domain of matriptase
After 4 days of methanol induction, the medium was harvested from yeast cells by centrifugation and filtrated using 0.22-m membranes. The filtered medium was loaded onto a nickel-nitrilotriacetic acid column equilibrated with wash buffer 4 (20 mM Tris-HCl, pH 7.4, 150 mM NaCl), washed with wash buffer 4 supplemented with 20 mM imidazole, and bound protein was eluted by increasing the imidazole concentration to 300 mM. Eluted protein was dialyzed against 20 mM Tris-HCl, pH 7.4, 150 mM NaCl and concentrated before further purification by size-exclusion chromatography (Superdex75 HR10/30 column, GE Healthcare) in 20 mM Tris-HCl, pH 7.4, 150 mM NaCl. Fractions were pooled, quantitated, and stored at Ϫ80°C. Purity (Ͼ95%) was verified by SDS-PAGE.
Generation of monoclonal antibodies
Mice (female Naval Medical Research Institute mice) were immunized three times with 25 g of matriptase zymogen adsorbed onto Al(OH) 3 in Gerbu adjuvant at 2-week intervals. An intravenous injection of 25 g of antigen in saline was given to the mice 3 days prior to the fusion together with adrenaline. The fusion was performed as described (37) and later modified as described (38) with PEG as fusogen and the SP2/0-AG14 myeloma cell line as the fusion partner. Identification of matriptase-binding antibodies was carried out by ELISA screening using MaxiSorp polystyrene plates (NUNC, Roskilde, Denmark) coated with the matriptase zymogen. Ten of 40 clones positive for binding were taken out for cloning by the limiting dilution method. Selected single clones were grown in culture flasks in RPMI ϩ 10% fetal calf serum.
Purification of monoclonal antibodies aZ-mAb-4, -6, and -7
Antibodies were purified by Protein G affinity chromatography on a column equilibrated with 20 mM Tris-HCl, pH 8, 500 mM NaCl. Bound antibody was eluted with 0.1 M glycine, pH 2.5, and fractions were pH-neutralized by adding 10% of 1 M Tris-HCl, pH 9. The fractions with highest A 280 nm were pooled and dialyzed against 20 mM HEPES-NaOH, pH 7.4, 150 mM NaCl, 1 mM CaCl 2 overnight at 4°C. Purity of the antibodies was validated by SDS-PAGE, and the antibodies were stored at 4°C in dialysis buffer supplemented with 300 M NaN 3 .
SPR measurements
All SPR experiments were performed on a Biacore T200 (GE Healthcare) at 25°C with a flow rate of 30 l/min unless otherwise stated. A standard CM5 chip (GE Healthcare) was prepared by immobilizing covalently ϳ6000 response units (RU) of anti-mouse IgG antibodies (GE Healthcare) on both the active and reference flow cell according to the manufacturer's protocol (GE Healthcare). The amine coupling protocol (Biacore, GE Healthcare) was used. The individual monoclonal antibodies were captured on the active flow cell anti-mouse IgG surface in running buffer (20 mM HEPES-NaOH, pH 7.4, 150 mM NaCl, 1 mM CaCl 2 , 0.1% BSA) to ϳ250 RU. To correct for bulk effects, the signal from the reference surface was subtracted from the data of the active flow cell. acSPD, zSPD, and mutants thereof were injected in varying concentrations with an association phase of 120 s and allowed to dissociate for 180 s. The antimouse IgG surface was regenerated between binding cycles by a 120-s pulse of regeneration buffer (10 mM glycine-HCl, pH 1.7; GE Healthcare).
For the K D determinations by SPR, six different concentrations of SPD in a 2-fold dilution series were used. The following concentrations of acSPD were used: 1.56 -50 nM for aZ-mAb-6 and -7 and 0.78 -25 nM aZ-mAb-4. Concentrations of zSPD were 0.94 -30 nM for aZ-mAb-6 and -7.
To determine binding in the presence of the biotin-RQRR-CMK inhibitor, acSPD at a concentration of either 50 nM (for aZ-mAb-6 and -7) or 6 nM (for aZ-mAb-4) was mixed with a high excess of biotin-RQRR-CMK (5 M) immediately before injection, as the biotin-RQRR-CMK has a short half-life in aqueous solutions. The SPD-RQRR-CMK complex or SPD-DMSO was injected over an aZ-mAb-4, -6, or -7 surface. RQRR-CMK was stored in DMSO and was therefore added in the reference SPD solution. Buffer was applied as control.
To determine binding in the presence of the IK1 inhibitor fragment of HAI-1, acSPD (50 nM) was preincubated with IK1 (100 nM) at 37°C for 2 h. Binding of the complex was measured on either an aZ-mAb-4, -6, or -7 surface. The binding was determined relative to acSPD (50 nM) and the two controls IK1 (100 nM) and HBS buffer supplemented with 1 mM CaCl 2 and 0.1% BSA.
To test for overlapping epitopes of anti-zymogen monoclonal antibodies, antibodies aZ-mAb-4, -6, and -7 and the control anti-HAI1-31 (matriptase-independent antibody targeting HAI-1) were immobilized on a CM5 chip at pH 4.5 following the amine coupling protocol (GE Healthcare). The instrument was set to aim for a capture level of 1000 RU per flow cell of antibody (30 g/ml). acSPD and zSPD (25 nM) were preincubated with the aZ-mAb-4, -6, and -7 (100 nM) for 1 h at room temperature. The matriptase-antibody complexes were added to the four antibody-immobilized flow cells and were compared against the binding of acSPD (25 nM) or zSPD (25 nM). The controls were single-antibody solutions (100 nM) and buffer. The dissociation time was increased to 600 s to ensure a clean surface.
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Determination of mAb inhibition
Unless stated otherwise, all chromogenic assays were performed at 37°C in HBS-PEG buffer supplemented with CaCl 2 and PEG-8000 (20 mM HEPES-NaOH, pH 7.4, 150 mM NaCl, 1 mM CaCl 2 , 0.05% PEG 8000). Plates were read at 405 nm in a Multiskan TM GO microplate spectrophotometer (Thermo Scientific).
IC 50 determinations were performed by preincubating acSPD (50 pM) or zSPD (20 nM) with aZ-mAb-4 (0 -500 nM) and aZ-mAb-6 and -7 (0 -1000 nM) for 1 h at 37°C. The reaction was initiated by adding S-2288 (500 M) and measured for 1 h (acSPD) or 5 h (zSPD).
Determination of the K m , V max , and K i for aZ-mAb
The maximal velocity rate V max and the Michaelis constant K m are given by the equations,
where [S] is the substrate concentration, [I] is the inhibitor concentration, K i is the inhibitor's dissociation constant, K i app , is the apparent K i , V 0 is the initial reaction rate, V max is the maximum reaction rate, and K m is the concentration of substrate needed to reach half-maximal velocity (39) . All K m and V max determinations were made by fitting to Equation 1 in GraphPad. aZ-mAb-4 (20 nM) or aZ-mAb-6 and -7 (60 nM) were preincubated with zSPD (10 nM) or acSPD (1 nM) for 1 h before the reactions were initiated by adding S-2288 (0 -2 mM). The progress of substrate cleavage was measured for 1 or 5 h for acSPD and zSPD, respectively.
Determination of aZ-mAb inhibition constants
For a competitive inhibitor, K i app is given by Equation 2, and to correct for competition with the substrate, Equation 3 was applied to obtain the actual K i value. To determine the K i values, aZ-mAb-4, -6, and -7 (0 -400 nM) were preincubated with matriptase (100 pM) for 1 h at 37°C before the reactions were initiated with S-2288 (500 M). The reaction progress was monitored for 1 h.
Determination of specificity of aZ-mAbs
Specificity assays were carried out in HBS-PEG buffer or HBS-BSA buffer (10 mM HEPES-NaOH, pH 7.4, 140 mM NaCl, 0.1% BSA). The proteases and their respective chromogenic substrates in HBS-PEG buffer were as follows: acSPD (100 pM) and mouse matriptase catalytic domain (100 pM; R&D Systems) with S-2288 (500 M); full-length human uPA (1 nM; ProSpec) with S-2444 (500 M); full-length human HGFA (5 nM; Sino Biological Inc.) with Spectrozyme FVIIa (500 M), where HGFA was activated by thrombin (1:100 molar ratio) at 37°C for 1 h until thrombin was blocked with 10 g/ml Dextran Sulfate; and human hepsin (1 nM) with S-2366 (500 M) and in HBS-BSA buffer. All proteins were incubated with aZ-mAb-4, -6, or -7 (400 nM) for 1 h at 37°C. All samples were measured for 30 min except for HGFA, which was measured for 60 min.
Zymogen matriptase crystallization and structure model construction
The active site-mutated zymogen-locked form of matriptase was used for crystallization, containing three mutations: R614A, N772Q, and S805A (zSPD-S805A; Fig. 1D ). Initial crystallization conditions were screened using commercial kits (Clear Strategy I, Clear Strategy II, Structure Screen I ϩ II, and JCSG-plus). 0.2 l of protein was mixed with 0.2 or 0.1 l of mother liquid using a Mosquito crystallization robot by sittingdrop vapor diffusion at 20°C. The diffracted crystal was obtained in 0.1 M MES, pH 6.5, 2.0 M ammonium sulfate. For X-ray data collection, the crystal was transferred to a cryoprotectant solution containing 20% glycerol, 0.1 M MES, pH 6.5, 2.0 M ammonium sulfate and flash-frozen in liquid nitrogen. The diffraction data set was collected at a Micro-focus beam line in the European Synchrotron Radiation Facility. The data were processed to a resolution of 2.5 Å using XDS. Data collection statistics and cell parameters are summarized in Table 3 . The diffraction data were indexed to the space group P 3(1)21 with a corresponding Matthews coefficient indicating that the crystals contained three molecules in the asymmetric unit (87 kDa). The first two molecules were found by molecular replacement using BALBES and the active matriptase catalytic domain as search model (PDB entry 4ISN) with initial R free of 0.42. Based on the phase from the first two molecules, the missing third molecule was found by Molrep using fast rotation function and phased translation function. The model was built using manual building in COOT and refined in Phenix by applying NCS and TLS throughout the refinement cycles. The final structure was refined to the R and R free values of 0.214 and 0.263 and a tight stereochemistry with root mean square deviations of bond lengths and bond angles of 0.02 Å and 2.00°, respectively.
Matriptase activity in cell lysates
HEK293 cells were transiently transfected with empty expression vector (mock) or expression vectors encoding matriptase together with WT HAI-2 or mutant HAI-2 C47F, respectively, using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer's protocol. The constructs encoding full-length human WT matriptase and HAI-2 were inserted into pcDNA3.1 plasmid vectors (Thermo Fisher Scientific) as described previously by Nonboe et al. (29) . HAI-2 was co-expressed to ensure stable matriptase expression, and the HAI-2 C47F mutant was included to allow measurable matriptase activity. Cells were grown for ϳ48 h before they were lysed on ice in 150 l of lysis buffer (PBS including 1% Triton X-100 and 0.5% sodium deoxycholate). Protein extracts were prepared by centrifuging the lysates at 20,000 ϫ g for 20 min at 4°C to remove cell debris. 5 g of antibody (anti-uPA, aZ-mAB-6, aZ-mAB-7, or no antibody) was added to 60 l of the protein extracts and incubated at room temperature for 1 h.
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